We investigated whether photoreceptor function in amblyopie eyes differed from that in nonamblyopic eyes. Photoreceptor function was assessed with the optical Stiles-Crawford effect (SCE), psychophysical SCE, and foveal visual pigment density in both eyes of ten unilateral amblyopic subjects. Optical SCE and density measurements were carried out with a custom-built scanning laser ophthalmoscope (SLO). Amblyopic and normal eyes did not differ in Stiles-Crawford effect, nor in foveal vi~atal pigment density. Contrary to suggestions in the literature, we found no indication of retinal dysfunction at the level of the cone photoreceptors in amblyopic eyes.
INTRODUCTION
Classical definitions regard amblyopia as loss of visual acuity with no organic defect. Nevertheless, there are studies supporting the idea of pathology in post-retinal processing of visual information (von Noorden, 1985) , as well as retinal involvement (Ikeda, 1980) . Deviations reported in electro-oculography (EOGs), (Williams & Papakostopoulos, 1995) suggest retinal pigment epithelium (RPE) involvement. The RPE plays an important role in maintaining visual pigment density and perhaps also in maintenance of photoreceptor orientation. The aim of the present sturdy was to find out whether photoreceptor function, reflected by photoreceptor orientation (measured with an optical and psychophysical technique) and visual p!igment density, is abnormal in subjects with amblyopia.
The hypothesis that photoreceptor orientation is abnormal in amblyopia has received support (Enoch, 1957 (Enoch, , 1959 as well as opposition (Dunnewold, 1964; Marshall & Flom, 1970; Bedell, 1980) . Enoch (1959) suggested that photoreceptor orientation may be affected by two mechanisms: (1) eccentric orientation, meaning that the general cone population is pointing not at the center of the pupil opening but to the pupil edge or even outside the pupil edge; or (2) general disorientation, meaning that there is a great variety itn individual or small groups of photoreceptor orientation. According to Enoch (1959) either eccentric tuning beyond the natural pupil edge, or lack of tuning will decrease visual acuity due to increased (Stiles & Crawford, 1933) . The Stiles-Crawford effect of the first kind (SCE I) is the phenomenon that light entering the eye near the middle of the pupil opening is perceived to be brighter than light entering near the edge of the pupil. More recently, an optical equivalent of the SCE I has been reported. Reflected light from the fovea is typically brighter in the center of the pupil plane than at the borders (van Blokland, 1986; Gorrand & Delori, 1995; Burns, Wu, Delori, & Eisner, 1995; DeLint, Berendschot, & van Norren, 1997) . The photoreceptors, especially cones, act as waveguides due to their higher index of refraction compared with the surrounding extracellular matrix. Light entering the cones within a small angle parallel to its axis (i.e. optical aperture) will result in more efficient light absorption and reflection than light entering at a larger angle.
Visual pigment density is an indication of photoreceptor function. Foveal cone visual pigment density can objectively be determined by retinal densitometry. By comparing foveal light reflection in a light adapted and dark adapted retina, absorption of the visual pigment can be measured. The light absorption of visual pigments depends upon the optical path length (the outer segment length of the foveal cones), the extinction spectra, and the visual pigment concentration therein. Visual pigment density further depends upon the area covered by the cones within the retinal test area. A possible hypothesis explaining reduced visual acuity may be that fewer cones per unit area are packed in the fovea, which may result in a lower visual pigment density, as measured by retinal densitometry. 
MATERIALS AND METHODS
Ten healthy subjects, with unilateral amblyopia, were asked to participate. A brief overview of their clinical data is given in Table 1 . Unilateral amblyopia was defined as at least two Snellen lines difference in visual acuity between the two eyes with optimal correction. The subjects met the following criteria: age between 18 and 30 years, visual acuity <_ 0.1, no nystagmus, central fixation, no media opacities (no past cataract operations), no funduscopic abnormalities, and no ocular motility impediment. Total examination time for the amblyopic and the normal eye of each subject was approx. 2 hr.
All subjects gave their written informed consent. The pupils were dilated with one or two drops of tropicamide 1%. The head was stabilized by a bite bar and two forehead rests during the optical SCE test. Fundus images were acquired with a custom-built scanning laser ophthalmoscope (SLO) (van Norren & van de Kraats, 1989) . The subject viewed a bright green rectangle with a fixation cross in the center. A continuous retinal image on a monitor allowed us to interactively find the pupil plane position with maximum foveal reflection, determined quantitatively. The measurement was started by manually moving the SLO scan waist (the location in the optical pathway where the scan pattern has minimum diameter) from the pupil position with maximum foveal reflection to the nasal edge of the pupil plane. Entrance and exit pupil moved jointly. Dimensions of the entrance and exit pupil are approximately 0.5 and 2 mm:, respectively, and are separated in the pupil plane (DeLint et al., 1997) . At approximately every 0.25 mm of the horizontal meridian, a retinal image was acquired at 514nm, until the temporal pupil edge was reached. The precise position on the horizontal meridian of each image was recorded by the computer by using a digital slide ruler (accuracy +0.01 mm) attached to the horizontal adjustment. The mean foveal reflectances (averaged over 23 x 28 pixels) of the central 2 deg and pupil position were fit to a model (Gorrand & Delori, 1995) resulting in Po (optical curve peakedness), Xo,o (optical peak position) and A:B (representing the cone portion in the reflected light). We also included data for a 1 deg x 1 deg (12 x 14 pixels)foveal region, because the smaller region better tests the photoreceptors involved in visual acuity than a 2 deg x 2 deg region.
In the psychophysical SCE set-up, again a bite bar and two forehead rests were used. Pupil position was monitored by using infrared LEDs in combination with a CCD camera. The subjects' task consisted of matching the brightness of two beams of light (2 = 650 nm), produced by LEDs. The reference beam always passed through the center of the pupil plane. The other beam passed through a peripheral, horizontal, pupil position. Both beams were passed through a sine-wave grating to produce a counterphase sine-wave pattern in a circular (8 deg diameter) retinal field. The subject was instructed to set the brightness of the peripheral beam such that the sine-wave pattern faded to become a homogeneous red field. In the horizontal meridian of the pupil, matches were performed three times every 0.5 mm. Because in a retinal test field of 8 deg the peri-central cones not involved in visual acuity may contribute considerably, a smaller test field would have been preferable. However, owing to the counterphase sine-wave grating a smaller retinal field may result in less reliable brightness matches. Relative brightness matches (luminous efficiency) and pupil position were fit to a model (Stiles, 1937) resulting in a pp (psychophysical curve peakedness) and Xo, p (psychophysical peak position) for each eye.
At the peak of the optical SCE fundus, images were acquired with the SLO under bleached and dark adapted condition. Foveal cone photopigment density (central 2 deg) was calculated as the logarithm of the ratio of reflectance between dark and light adapted images (Liem, Keunen, & van Norren, 1992) .
RESULTS AND DISCUSSION
All ten unilateral amblyopic subjects had both eyes tested for optical SCE, psychophysical SCE, and foveal cone photopigment density. We assumed that if photoreceptor orientation is disturbed in either the 8, 2 or 1 deg test field, that the central cones involved in visual acuity may also be affected in the same way. In Fig. 1 optical and psychophysical SCE data of subject 1 are shown together with model fits. Log reflectance and luminous efficiency of the fitted curves were normalized to the same maximum, such that the level of Xo,o and Xo,p equaled 0, for easy comparison. Psychophysical peakedness is clearly lower than its optical equivalent. Both techniques result in the same Xo (Burns et al., 1992) . The normal and amblyopic eye showed similar SCE.
In Table 2 mean optical SCE values of p, Xo and A:B for all subjects and both methods, showed no significant differences between normal and amblyopic eyes and neither was there a significant difference in mean foveal photopigment density. In other words no eccentric orientation or a general disorientation was found in the fovea. to a decreased Po found in the central foveal cones (DeLint et al., 1997) . We will use the 2 deg x 2 deg region values in the remaining discussion for two reasons. First, the data better fit the model. Second, the differences between normal and amblyopic eyes was not significant, when either the 1 deg x 1 deg or the 2 deg x 2 deg region values were used. The present data compared well with data from the literature, also presented in Table 2 . None of our subjects had a Po smaller than 0.14. A low p value is indicative of general photoreceptor disorientation. The ratio between Po and pp (5.4 and 5.6 for normal a:ad amblyopic eyes, respectively) was similar for both eyes and compared well with the value of 5.4 reported in healthy subjects (DeLint et al., 1997) . According to criteria from Gorrand and Delori (1995) , subjects 6 and 8 have somewhat eccentric Xo,o. However, if 2 SD of the normal eyes are used, no eccentric Xo,o would be noted.
We found no difference in the mean ratio A:B. If the visual acuity was reduced due to reduced cone number, then a corresponding decrease in the cone contribution in the reflected light would have been present. Gorrand and Delori (1995) found a ,rightly lower or the same mean A:B (as defined for the present study) for a group of young healthy individuals than are found in Table 3 . This was probably due to their larger retinal conjugate aperture of 2 deg (our retinal conjugate aperture was 0.43 deg), which caused more stray light (i.e. larger B).
The psychophysical data provide a link with earlier studies of photoreceptor orientation. In previous studies different criteria were used to determine an abnormal SCE (Enoch, 1959; Marshall & Flom, 1970; Bedell, 1980) . In Table 3 , present and previous studies are compared for number of amblyopic eyes with abnormalities using one set of criteria for eccentric Xo,p and abnormal low pp, The majority of amblyopic eyes seem to have a normal SCE. One amblyopic eye, subject 7, has an abnormal low pp (i.e. < mean minus 2 SD). However, one normal eye, subject 4, also has an abnormal pp. In a total of 29 amblyopic eyes two showed disorientation. When we fitted the data from Enoch's subjects (Enoch, 1957 (Enoch, , 1959 with our procedure, we found that only one subject, instead of two had photoreceptor disorientation. We conclude that psychophysical curve peakedness in amblyopic eyes does not differ from that in normal eyes.
A horizontal peak position of the SCE may be considered eccentric if smaller than -1.80 or greater than 1.00 mm (Applegate & Lakshminarayanan, 1993) . With this definition we found two of Enoch' s subjects to be eccentric instead of three (Enoch, 1959) . In our group no subject had an eccentric peak. The average horizontal peak position, 0.86 + 0.84 mm, for 20 eyes noted by Gorrand and Delori (1995) differs somewhat from the present results due in part to two subjects with extreme eccentric Xo,o. Furthermore, because mean Xo,o and Xo,p agree well in Table 2 , we think that the difference may be due to the different subjects. In a total of 29 amblyopic eyes tested to date, four showed an eccentric peak (not significant; P > 0.05). Furthermore, eccentric peaks have been reported in subjects with normal visual acuity (Dunnewold, 1964; Applegate & Lakshminarayanan, 1993; Gorrand & Delori, 1995) .
Foveal photopigment density was found to be normal in amblyopic eyes (Table 2) . Our mean values for amblyopic and normal eyes agree well with values reported by Liem et al. (1992) for normal eyes.
In conclusion, within the restrictions of the tests mentioned above (larger retinal regions were included in the tests than are used in visual acuity), the results of the present study do not support the idea of retinal involvement at photoreceptor level, as indicated by photoreceptor orientation and visual pigment density, in amblyopia. (Applegate & Lakshminarayanan, 1993) . tCriteria for eccentric xo:--1.80<Xo > 1.00mm (Applegate & Lakshminarayanan, 1993) . SFor a binomial distribution, with -1.80 > xo > 1.00 mm or 0.021 > pp and n = 29; P < 0.05 is considered significant.
